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Edited by Sandro SonninoAbstract 4-Hydroxynonenal (4HNE), generated during poly-
unsaturated fatty acid oxidation, is present in atherosclerotic le-
sions. As 4HNE is able to react with phosphatidylethanolamine
(PE), we investigated, using AC polarography, whether it may
alter the physico-chemical state of a condensed PE-containing
phospholipid monolayer and its interaction with apoA-I.
The stability of a phospholipid monolayer relative to potential
(around the potential of zero charge) is dependent on lipid com-
position (PE > PC > PE/PC). ApoA-I insertion into PE/PC
monolayer is easier than in PC monolayer. Pre-treatment of
PE/PC monolayer by 4HNE does not alter monolayer stability,
but decreases apo A-I insertion into the monolayer.
 2005 Published by Elsevier B.V. on behalf of the Federation of
European Biochemical Societies.
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The atherogenic 4-hydroxynonenal (4HNE) is generated
during polyunsaturated fatty acids (PUFA) oxidation trig-
gered by oxidative stress that occurs under pathophysiological
conditions, including inﬂammation, drug or toxins poisoning,
atherosclerosis [1–4]. 4HNE may form adducts to amino
groups of phosphatidylethanolamine (PE) [5], another
phospholipid (PL) component of biological membranes and
of high density lipoproteins (HDL) [6], with phosphatidylcho-
line (PC). Modifying the PE/PC ratio in HDL alters LCAT
activity [6]. Thus, 4HNE may modify the free PE relative to
PC ratio and thereby alter membrane properties and protein/
PL interaction.Abbreviations: 4HNE, 4-hydroxynonenal; apoA-I, apolipoprotein A-I;
PE, phosphatidylethanolamine; PC, phosphatidylcholine; PL, phos-
pholipids; HMDE, hanging mercury drop electrode; AC, alternating
current; C, diﬀerential capacity; C vs. E, diﬀerential capacity–potential
curve; pzc, potential of zero charge
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doi:10.1016/j.febslet.2005.07.086Apolipoprotein A-I (apoA-I), the major apoprotein moiety
of the antiatherogenic and cardioprotective HDL, promotes
reverse cholesterol transport from peripheral tissues to the li-
ver, inhibits LDL oxidation, and displays anti-inﬂammatory
and cytoprotective eﬀects [7,8]. As this protective eﬀect of
HDL is mediated by apoA-I and is dependent, at least in part,
on its interaction with PL membranes [9,10], we hypothesized
that the formation of 4HNE-PE adducts could impair this
interaction.
This was investigated using apoA-I interacting with self-
assembled phospholipid monolayers at a hanging mercury
drop electrode (HMDE), using alternating current (AC) polar-
ography, which allows the investigation of the initial mecha-
nism and the kinetics of the apoA-I/PL association, while the
study of this interaction performed on discs and spheres gives
information on the ﬁnal phase of the association [9,10]. More-
over, this electrochemical method allowed the study of the
insertion of apoA-I into a condensed PC monolayer [11].2. Materials and methods
2.1. Materials
4HNE was purchased from Calbiochem in ethanol. Apolipoprotein
A-I was isolated and puriﬁed as previously described [12].
2.2. Determination of free amino group content
Free amino group content apoA-I and PE was evaluated using the
amine-reactive probe [3H]succinimidyl propionate (10 lCi in borate
buﬀer 0.5 M, pH 8.5, in an ice bath for 15 min) (Amersham, 99.0 Ci/
mmol) [13]. ApoA-I radiolabeling was evaluated exactly as described
in [13]. For PE, after incubation of lipids with the radiolabeled probe,
radiolabeled PE were resolved by TLC on silicagel (solvent system:
chloroform/methanol/water, 100/42/6, v/v/v) and their radioactivity
was determined by liquid scintillation counting.
2.3. Electrochemical measurements
The admittance measurements derived from AC polarography, were
carried out at the HMDE in contact with PL monolayers, as described
previously [14]. We used this method at low frequency, which allows
the measurements of the diﬀerential capacity (C) of the HMDE inter-
face. Since C is the second derivative of the surface tension respective
to the potential [15], it follows that C is highly sensitive to minute vari-
ations of the surface pressure. This makes the method a valuable tool
for the approach of PL layers interactions with various hydrosoluble
molecules [16,17]. The diﬀerential capacity–potential curves (denoted
C vs. E curve) were recorded at the interfacial equilibrium for all
components.ation of European Biochemical Societies.
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modiﬁcation of PE (without major modiﬁcation of apoA-I). Brieﬂy,
4HNE was laid down on the surface of the monolayer and let to react
for 1 hour before addition of apoA-I that was introduced underneath
the monolayer. It should be noted that apoA-I was added in Tris buf-
fered solution, because Tris is able to react with 4HNE excess and to
protect amino groups of apoA-I.
All other materials and experimental conditions were similar to
those used previously [11], except that PL amounts were not in excess.
2.4. Statistical analysis
Data are presented as means ± S.E.M. Estimates of statistical signif-
icance were performed by Students t Test and Analysis of Variance
(one way Anova Tukey test – SigmaStat software) values of P < 0.05
were considered signiﬁcant.3. Results
3.1. Detection of the formation of a condensed monolayer
In Fig. 1, from 0.3 V to more negative values, a large mod-
iﬁcation in the proﬁle of the C vs. E curves is observed,
depending on PC amount.
At low PC amount (curves 1 and 2), C increases monoto-
nously until reaching a shouldered peak below 1 V, ascribed
to the desorption of PL from the HMDE [14].
Between 0.3 and 0.7 V, when PC amount increases, C de-
creases, till it reaches (curve 4) a stable and constant value, in a
wide potential range, around the potential of zero charge (pzc),
independent of the PC amount added to the system. That is the
signature that a condensed and stable monolayer (denoted
state I) is achieved, in a PL concentration range in agreementFig. 1. Diﬀerential capacity (C) - potential curves of the HMDE – PC
monolayers, with 4 ll (–––), 6 ll (– -–), 8 ll (- - -) and 10 ll (—) of
1 mg/ml PC solution. The full line corresponds to the dense lipid
monolayer.with surface pressure measurements [18]. These conclusions
are also valid for the other PL monolayers.
Between 0.7 and 0.9 V, a double peak (twin peaks) ap-
pears ascribed to a reorientation of the PC molecules in state
I [19], leading to a second state (state II).
Between 0.9 and 1.2 V, a drastic breakdown of C (curves
2 vs. 3) takes place for a very small increase of PC amount,
leading to a stable value (curves 3 and 4), concomitant with
a shift in the potential of the desorption peak to more negative
values, indicative of a more diﬃcult desorption of the layer
and consequently a more stable layer.
3.2. Comparison of the interfacial behavior of condensed
monolayers of PE and PC
In Fig. 2, the twin peak region is also observed for PE. Fig. 2
shows that state I of PE exists in a wider potential range than
that of PC, in contrast to state II of PE, limited to a minimum
in the proﬁle of the C vs. E curve. Moreover, desorption of PE
in state II starts more easily than that of PC, respectively, at
1.2 and at 1.3 V.
In conclusion, the condensed monolayer (state I) of PE is
more stable than that of PC, while the rearranged PE layer
in state II is less stable than that of PC, since the desorption
of PE is easier.
3.3. Comparison of the interfacial behavior of condensed
monolayers containing 15% PE/85% PC, in the presence or
in the absence of 4HNE
It is important to note that the C vs. E curve in Fig. 3 (solid
line) was accurately reproduced when the system was subjectedFig. 2. Diﬀerential capacity – potential curves of the HMDE –
condensed monolayer containing (dashed line) 100% PC or (solid line)
100% PE.
Fig. 4. Diﬀerential capacity of the HMDE – condensed 15% PE/85%
PC monolayers, at 0.45 V (Ag/AgCl. sat. KCl), as a function of the
apoA-I concentration injected underneath the monolayer, in the
presence (squares) or in the absence (circles) of 4HNE (10 lM).
Fig. 3. Diﬀerential capacity – potential curves of the HMDE –
condensed monolayer containing 15% PE/85% PC, in the presence
(dashed line) or in the absence (solid line) of 4HNE (10 lM).
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chemical way of probing the system is non-destructive.
It may be noted that the total PL amount is the same in
Fig. 3, Fig1 (curve 4) and in Fig. 2, whereas the PC amount
is identical in Fig. 1 (curve 3) and in Fig. 3.
In the absence of 4HNE (solid line, Fig. 3), the proﬁle of
the curve is similar to that of the major component PC when
it is alone (curve 3 in Fig. 1), at the same amount as in the
mixture. The main peak is at the same potential (0.9 V)
in both cases. In contrast, the minor peak around 0.8 V
(curve 3 in Fig. 1) decreases for the mixture (solid line in
Fig. 3), suggesting that the presence of PE modiﬁes the tran-
sition from state I to state II. Furthermore, the stability of
the mixed monolayer in state I is lower than that of PC or
PE, as assessed by the narrower potential range of state I
for the mixture (solid line in Fig. 3) than for both pure PL
(Fig. 2). This suggests that the presence of PE destabilizes
slightly the dense PC monolayer in state I. This is also true
for state II, since the incipient desorption (1.15 V) of the
mixture starts before that of pure PC (1.3 V), which can
be correlated to the higher value of C at 1 V, indicating a
lower degree of coverage by the mixture.
With 4HNE (5 lM), only a very small change of C takes
place (even after 20 min) in the region of the reorientation
(not shown). With 10 lM of 4HNE (dotted line in Fig. 3),
the twin peaks disappear after one hour, replaced by a shoul-
der once equilibrium is achieved. This suggests that the rear-
rangement proceeds more slowly with the potential changes.
Moreover, 4HNE widens the potential range of rearrangement
but does not induce any apparent change, in the other poten-
tial regions. This is associated with 4HNE-PE adduct forma-
tion as assessed by titration of PE free amino group contentby [3H]succinimidyl propionate, a reactive amino group probe
[13]. Under the used conditions, 45 ± 8% of PE were modiﬁed
by 4HNE (compared to the untreated control, the value is sta-
tistically signiﬁcant at P < 0.01).
3.4. Eﬀect of 4HNE on the interaction of apoA-I with condensed
PE/PC monolayer
In Fig. 4, the variations of C were measured at 0.45 V
(around the pzc, i.e., with negligible additional electric ﬁeld ef-
fect), in order to evaluate apoA-I interaction with condensed
15% PE/85% PC monolayer. In the absence of 4HNE, increas-
ing amounts of apoA-I induces an increase of C, which indi-
cates apoA-I insertion into the monolayer [11]. The same
experiment in the presence of 4HNE, shows a lower increase
of C, indicating a lower insertion of apoA-I into the monolayer
modiﬁed by 4HNE.
It is to note that, under the conditions used here, apoA-I was
not signiﬁcantly modiﬁed by 4HNE (in 4HNE experiment, the
loss of free amino group content in apoA-I was 8 ± 2%, i.e.,
the diﬀerence with the control was not statistically signiﬁcant
at P < 0.05).4. Discussion
The reported data show, for the ﬁrst time, that the lipid per-
oxydation derivative 4HNE alter apoA-I insertion into 15%
PE/85% PC monolayer. They reveal also that 4HNE and
apoA-I with antagonistic role on atherosclerosis, have oppo-
site eﬀect on membrane properties.
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layer leads to an increase of the layer stability all over the po-
tential range. The twin peaks reveal a drastic modiﬁcation in
the structure of the condensed PL monolayer, at more negative
potential. In state I, hydrocarbon tails face the mercury surface
and polar head groups interact with the aqueous phase [11,17].
In state II, the positive PL head groups interact with the neg-
atively charged mercury electrode, and the hydrophobic tails
facing the mercury surface are desorbed and were proposed
to reach a conﬁguration similar to that of a bilayer [19], in or-
der to stay in equilibrium with the aqueous phase. The proﬁle
and the potential of those twin peaks depend on the composi-
tion of the condensed PL monolayer (as shown in Fig. 2), and
on its ability to undergo structural changes.
The second point is focused on the eﬀect, on monolayers
properties, of the presence of PE in a condensed PC mono-
layer, in the presence or absence of 4HNE. Interestingly, the
reported data show that the presence of PE destabilizes a
condensed PC monolayer (state I), although the condensed
(state I) monolayer of PE is more stable than that of PC. In
contrast, in the case of layers in state II, the PE layer and
the mixed PE/PC layer are less stable than the PC layer. When
the PE/PC monolayer is treated by 4HNE, we detect neither
signiﬁcant modiﬁcations in the region of state I nor in that
of layer desorption. In contrast, the 4HNE induced dramatic
decrease of the peaks (between 0.7 and 0.9 V), is inter-
preted as a slackening of the rearrangement. The covalent
attachment of 4HNE on the amino group of PE suppresses
the positive charge of this group which is not anymore
attracted by the negative charge of the electrode, thereby
decreasing the amount of free PE involved in the potential-
induced rearrangement.
Third, we investigated the eﬀect of 4HNE on the interaction
of apoA-I with a condensed 15% PE/85% PC monolayer, using
the electrochemical method which allows investigating the ini-
tial mechanism of apoA-I/PL association. Our previous results
gave the ﬁrst experimental evidence of distinct binding steps,
i.e. adsorption of apoA-I on PL polar head groups prior to
its penetration across the polar head groups/hydrocarbon
chains interface of the condensed lipid monolayer [11], as it
was found with other amphitropic proteins [17]. It may be
noted that the data obtained for the interaction of amphitropic
protein with condensed monolayer are in agreement with those
obtained with vesicles [20]. While we previously found, in the
low range of apoA-I concentration used here, that apoA-I only
adsorbs at a PC monolayer [11], we observe here that the pres-
ence of PE facilitates the insertion of the protein, in agreement
with ﬁnding of de Kruijﬀ group on leader peptidase [21], while
the presence of 4HNE decreases the insertion of apoA-I into
PE/PC monolayer.
The reported data indicate that the modiﬁcation of PE by
4HNE in a PE/PC monolayer induces the alteration of the con-
densed PL monolayer properties and impairs its interaction
with apoA-I. Our experiment was designed to investigate the
inﬂuence of 4HNE modiﬁcation on the interaction of (unmod-
iﬁed) apoA-I with PE/PC monolayer modiﬁed by 4HNE, but it
is not excluded that, reversely, apoA-I modiﬁcation by 4-HNE
could also alter the interaction between apoA-I and the PE/PC
monolayer.
This could be of pathophysiological importance, since
4HNE is formed in cell membrane subsequently to oxidative
stress [4], and may react with amino-phospholipids, therebyaltering the nature and the properties of membrane lipids,
and their interactions with apoA-I. Since the insertion of
apoA-I amphipathic a-helices into the PL membranes is in-
volved in cellular lipid eﬄux [22], it may be speculated that
alteration by 4HNE of insertion of apoA-I into PL layer
may impair the antiatherogenic eﬀect of HDL.
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